showed a significant decrease at all stations. For TSP, only one station showed borderline significant decline between these two periods. Overall, between the two periods, Mn and TSP decreased by 39% and 17%, respectively. These data suggest that the combustion of MMT led to an increase of airborne Mn of approximately 22%. These findings should help in decisionmaking processes concerning the use of MMT in gasoline in other countries.
(Mn) which has been used since 1976 as an antiknock agent and as an octane booster in Canadian unleaded gasoline (Cooper 1984; Environment Canada 1987) . MMT use increased over the years since it completely replaced tetraethyl lead in gasoline in 1990 (Hurley et al. 1992) . In 2003, Canadian refiners voluntarily stopped the use of MMT as an additive, and since that time Canadian gasoline is almost totally MMT-free.
The relations between the use of MMT and CO and NOx emissions are not well established. Lenane et al. (1994) found that, over a driving distance of about 64,000 km (40,000 miles), the CO emissions were essentially the same for both the clear and the MMTadded gasoline, but the NOx emissions were significantly different (20% lower with MMT). However, Zayed et al. (1999a) found that CO emissions increased by 100% and NO x by 18% for vehicles using MMT. Furthermore, in focused testing on lowemission vehicles (LEV), the Alliance of Automobile Manufacturers study (AAM 2002) found that MMT increased emissions of HC over the entire 100,000 miles of testing. NOx emissions were initially lower for MMT-fueled vehicles but increased over time, as did emissions of CO. MMT increased emissions of all three pollutants at the end of the study by an average of 31-37% (Benson and Dana 2002) . With regard to the AAM study, the LEV vehicles experienced the greatest emission increase, which points to the frightening issue that as vehicle emission standards get more stringent, MMT may be associated with even larger emission increases.
Most (>99.9%) of the manganese from MMT is converted into inorganic Mn during the combustion of MMT-containing gasoline (Abbott 1987; Lynam et al. 1990 ). These inorganic Mn emissions are mainly Mn phosphate and Mn sulphate (Zayed et al. 1999b) . Ethyl Corporation (now Afton Chemical Corporation), the manufacturer of MMT, found that 20% of the Mn used in gasoline was emitted to the air (1990), whereas the percentage found by the US Environmental Protection Agency was 30% (1990). Hammerle et al. (1992) and Ardeleanu et al. (1999) reported that the percentage varied from 6% to 45%, depending on the driving cycle and the vehicle conditions.
In a study on the characterization of manganesecontaining particles collected from the exhaust emissions of automobiles running with MMT additive, Zayed et al. (1999b) showed that the size of almost all Mn particles emitted from the tail pipe ranged between 0.2 and 10 μm. On average, more than 99% of the particles were in the respirable fraction (<5 μm), and 86% were less than 1 μm (Zayed et al. 1999b) . The remaining Mn is deposited either in the engine itself, the exhaust system, or other enginerelated systems such as oil . In fact, the AAM raised some concerns about the impact of MMT on engine durability (AAM 2002) .
Most inhalable particles, characterized by a d50 (cut-off diameter) of 100 μm, are usually retained in the nose and throat, whereas the thoracic fraction (d50 of 10 μm) may reach the upper respiratory tract. The fraction ranging between 2.5 and 10 μm is mainly caught by cilia lining the walls of the bronchial tubes, which sweeps the mucus up the airways to the throat, where it is swallowed. Respirable particles (d50 of 5 μm) can penetrate into the lungs and into areas where there are no cilia and can reach the alveolar region. In contrast to ingested substances, particles absorbed in the alveolar region can reach the organs directly without first passing through the liver.
Many studies have found a relation between exposure to airborne Mn particles and changes in the central nervous system (for a review, see Levy and Nasetta 2003; Aschner and Dorman 2006) . Mn intoxication, or manganism, is a neurologic disorder in humans that has been shown to appear with exposure to high levels of airborne Mn (Seth and Chandra 1988) . Even at lower levels of exposure, studies in occupational settings have shown decreases in motor and cognitive function, as well as changes in effect in Mn-exposed workers (for a review, see Zoni et al. 2007) , which can persist even after cessation of exposure (Bouchard et al. 2007a, b) .
Our research group has previously established the time variation of atmospheric Mn in Montreal for the period 1981 (Loranger and Zayed 1994 Zayed 2001) . The results indicated stable Mn concentrations between 1981 and 1990 followed by a decrease of almost 50% from 1990 to 1992, in spite of annual increases of about 10% in Mn emissions from the combustion of MMT since 1981. The sudden decrease in 1992 was attributed to the closing of a ferromanganese plant located about 25 km from Montreal (Bankovitch et al. 2003) . Because the sampling stations in Montreal were along the line of prevailing winds (SW towards NE) from the plant, impacts from Mn in MMT may have been masked by the more substantial variations associated with this industrial activity.
Considering that MMT is no longer used in Canada since 2003, the objective of this research was to examine the variations in Mn in air particulates in Montreal from 2001 to 2007, covering the period prior to and following cessation of MMT use.
Method

Location of the Sampling Stations
The methodology used previously by our research group, described by Bankovitch et al. (2003) , was applied here. Three sampling stations belonging to the Montreal Urban Community (MUC) air quality surveillance network were selected because of their location on the island of Montreal and their proximity to roads with widely differing and well-known traffic. Station 6 (A in this paper) is located near a highway (≈150,000 vehicles/day) at 4 km from the downtown area and at 10 m height. Station 13 (B in this paper) is located in downtown Montreal (≈30,000 vehicles/ day) on the roof of a fire station, at 15 m height. Station 99 (station C in this paper) is located 30 km west of downtown Montreal, in Sainte-Anne-deBellevue, at 4 m height and 500 m from a highway (≈90,000 vehicles/day). The dominant winds are W-SW at all stations. Traffic density data were supplied by the Montreal Department of Circulation and Transport and the Quebec Ministry of Transport.
Air Sampling
Air sampling was conducted by the Montreal Urban Community using high-volume samplers (Hi-Vol Model GMW 2000, General Metal Works) permanently installed at the above-mentioned stations to collect the total suspended particles (TSP) following the MUC schedule: continuously over a 24-h period, every 6 days, throughout the year. The flow rate was 1.13 m 3 /min. The particles were collected on 20× 25 cm filters (Model G810) made of fiberglass (borosilicate) with a 0.3-μm pore size. Filter efficiency is 99.98%.
Subsamples were obtained from the MUC's archive from 2001 to 2007, and when available, the first sample of each month was selected. A punch was used to take 1-inch (2.5-cm) diameter of double-layer subsamples from each filter. These were folded in a sheet of parafilm (Parafilm M Laboratory film, American National Can, Chicago, IL, 60631) to prevent the loss of particles and then inserted into a clean labeled polyethylene vial. A total of 252 subsamples were collected for analysis. Two blank filters were also sampled for each year covered by this research.
The amount of TSP on the filters was originally determined by weighing. During this study, the filters were re-weighed to confirm that they had not lost any particles over the years during storage. This also confirmed that there were insignificant losses of Mn because Mn compounds are not more volatile than other solid compounds.
Filter Analysis
Each of the vials was placed into a larger polyethylene vial for neutron activation analysis. With a pneumatic transfer system, each sample was sent to the irradiation site near the core of the Ecole Polytechnique nuclear reactor (model SLOWPOKE-2). Irradiation was for 1 min at a neutron flux of 5.46×10 11 neutrons/cm 2 /s. The filter was then transferred to a non-irradiated polyethylene vial and placed in front of a gamma-ray detector (Canberra Industries, germanium semiconductor) for 5 min counting time (Kennedy 1990 ). The gamma-ray spectrum was recorded, and the total amount of Mn in each sample was determined from the number of gamma rays detected in the 56 Mn peak at 846.7 keV.
Instrumental neutron activation analysis is a direct method and reliably measures the amount of Mn in the filter sample, precision 2%, as long as the amount of Mn is well above the instrument detection limit of 0.002 μg, which is the case here.
Total suspended particle weights had been previously calculated for each sample by weighing the filters before and after dust collection. The temperature was maintained between 21°C and 24°C, whereas the relative humidity was maintained between 50% and 55%.
Statistical Analysis
Simple regression models were used to examine Mn and concentrations of TSP over time. As MMT was removed as a gasoline additive in 2003 and stocks were phased out during 2004, the impact of MMT removal on ambient Mn was examined by comparing two 3-year periods (2001-2003 vs 2005-2007) within each station using two-way analysis of variance, controlling for calendar months. Averages were also compared between stations using a three-way analysis of variance controlling for years and months. The same approach was also used for TSP. All statistical analyses were performed using SPSS 16.0, SPSS Inc., 233 South Wacker Drive, Chicago, IL, USA 60606-6307.
Results
The overall mean Mn concentration for station C (located far from highways) for this period of time was 0.0135±0.013 μg/m 3 , which was significantly different from 0.0322±0.019 μg/m 3 (p=0.000) and 0.0249±0.021 μg/m 3 (p=0.000) obtained respectively at stations A (near highway) and B (downtown Montreal). Figure 1 Table 2 shows the percent decrease for each station and the overall decrease in Mn and TSP concentrations. The difference between the two is 16% for station A, 26% for station B, and 32% for station C, with an overall difference of 22%.
Discussion
Over the years, we have tried to assess the impact of the use of MMT in gasoline on ambient Mn. Here In a previous study published by our research group, we showed that even though Mn represented a small percentage of the TSP (varying between 0.02% and 0.14%) the comparison between Mn and TSP was interesting as the stable temporal profile of Mn from 1993 to 2000 contrasts with the continuously decreasing atmospheric TSP concentrations (Bankovitch et al. 2003) . The average decrease for TSP in the present study is 17%. Therefore, we can assume that at least, if all dust particles have the same Mn concentration, then this 17% decrease in TSP leads to a 17% decrease in Mn; the further 22% decrease in Mn levels must be due to the disappearance of another source of Mn, such as particles from the combustion of MMT. From this, we can hypothesize that the use of MMT in gasoline in Montreal (Canada) led to an increase of 22% of airborne Mn, which disappeared when the use of MMT stopped. Whereas the present study allows us to infer this relation, the data do not provide direct proof.
Another interpretation of atmospheric Mn decrease would be related to the industrial emissions. To better understand the contribution of MMT to environmental Mn, several studies have assessed atmospheric Mn in different microenvironments (Gulson et al. 2006; Cohen et al. 2005; Bankovitch et al. 2003; Pellizzari et al. 1999 Pellizzari et al. , 2001 Zayed 2001; Crump 2000) . However, a direct relation between MMT and atmospheric Mn was never made. In order to do so, three steps are required: (1) (1999b) in a car exhaust study where particles emitted from the tailpipe were trapped and characterized by scanning electron microscopy, by X-ray energy dispersive spectrometry, and by analytical transmission electron microscopy; (2) the sampling of atmospheric Mn; and (3) the direct quantification of MMT to atmospheric Mn. This would be possible by characterizing the Mn particles collected through atmospheric sampling (step 2) in order (a) to determine the number and the mass of particles that chemically and physically correspond to those characterized in step 1 (the MMT source) and (b) to compare these number/mass to those related to the other physicochemical forms of Mn particles characterized in the same sample. Our research group spent a lot of energy in trying to achieve this third step. Unfortunately, the quantity of carbon present in the atmospheric background level and collected during sampling hinders the localization and identification of Mn particles on the filter. Almost all these particles are occulted by the carbon. Until these difficulties are overcome, it is impossible to compare with a "direct approach" Mn from MMT source with Mn from other sources. Thus, this research project, along with others, was based on microenvironments linked with traffic densities. Consequently, the microenvironmental approach cannot distinguish between directly emitted Mn from automobiles, Mn-enriched road dust, and the naturally occurring Mn in crustal material. Moreover, the MUC air quality survey only focused on total particles, so the respirable fine fraction was not determined. This is a limitation of our study.
Although Montreal and other Canadian cities have provided a propitious situation to study the relation between MMT and Mn, there is still a need to directly evaluate the link between MMT and Mn concentrations, especially in countries that recently authorized the use of MMT. As the use of MMT has completely stopped in Canada, it would be useful to analyze data from other Canadian cities with high traffic densities. Such studies would serve to confirm or not the present results and would provide more insight into the relation between the use of MMT and atmospheric Mn levels.
The 22% of airborne Mn, inferred from the present findings as related to the combustion of MMT, should be proportional to the quantity of MMT used in Canadian gasoline. In general, Canadian gasoline did not exceed 40 mg/L MMT or 10 mg/L Mn (CPPI 1993) . A previous study showed that the average concentrations found in MMT-added gasoline in five Station A near highway, Station B downtown, Station C far from highway different samples collected in Montreal in 1998 were 26.5 and 6.5 mg/L, respectively, for MMT and Mn (Zayed et al. 1999a) . Thus, the impact of MMT in other countries should be related to the quantity of MMT used per liter of gasoline as well as to the quantity of gasoline used. Another important issue is related to Mn particle size. As almost all Mn particles emitted from the combustion of MMT are in the respirable fraction (<5 μm) (Zayed et al. 1999b) , we have to consider uptake of Mn into the brain via the olfactory pathway. In fact, following an intranasal injection of Mn into the nostril of rats, it has been shown that Mn is taken up by the olfactory bulb via the primary olfactory neurons and then migrates via secondary and tertiary olfactory pathways to the central nervous system. In this way, Mn can circumvent the blood-brain barrier and pass directly into the brain (Tjälve et al. 1996; Dorman et al. 2002) .
The findings of this study suggest that concentrations at which MMT was used in gasoline would have been associated with a 22% net increase in airborne Mn. Even if the impact of potential longterm exposure to low levels of MMT combustion products that may be present in emissions from automobiles has yet to be fully evaluated, such an increase raises concerns about possible health effects.
These concerns are amplified by the results obtained in a study undertaken about 24 months after the partial introduction of the manganesecontaining fuel additive MMT to South African petrol in the Johannesburg region (Röllin et al. 2005) . The results show higher concentrations of Mn in school soil and dust samples from Johannesburg relative to Cape Town. Similarly, the mean blood Mn concentration in Johannesburg study subjects was significantly higher than that in Cape Town study subjects. Importantly, levels of manganese in blood were found to be significantly associated with concentrations of manganese in classroom dust at schools. However, as reported by Gulson et al. (2006) , the higher Mn levels in dust and soil may arise from naturally occurring Mn and not from MMT as Johannesburg is famous for its gold mines and mineralized areas.
The issues raised here should be considered in decision-making processes leading to the acceptance or rejection of the use of MMT in gasoline.
Conclusion
The contribution of MMT to atmospheric Mn has been studied over 15 years by our research group in Montreal. Several relations were established between traffic densities and airborne Mn. As MMT is no longer used in Canadian gasoline since 2004, it gave us a unique opportunity to determine its contribution to atmospheric Mn by comparing the time periods during and after use: 2001-2004 vs 2005-2007 . With the results obtained in this research, we can infer that the use of MMT in gasoline in Montreal (Canada) led to an increase of airborne Mn of approximately 22%.
